The present article discusses the physics and mechanics of evaporation of pendent, aqueous ferrofluid droplets and modulation of the same by external magnetic field. We show experimentally and by mathematical analysis that the presence of magnetic field improves the evaporation rates of ferrofluid droplets. First we tackle the question of improved evaporation of the colloidal droplets compared to water, and propose physical mechanisms to explain the same.
Introduction
Evaporative hydrodynamics, thermal and species transport in droplets involves rich and intriguing physics, and is of importance to a wide bevy of applications. Examples of such applications are in the automobile industry (fuel injection and spray) and propulsion systems [1] [2] [3] , in combustors [4] , two-phase systems [5, 6] , in HVAC components, etc. Evaporation kinetics of droplets is also of importance to pesticide fumigation [7] , ink-jet printing, and manufacturing technologies and microscale lithography [8] , etc. Hence understanding of the hydrodynamics heat, and mass transport associated with evaporation kinetics of droplets holds importance for design and development of such systems.
Typically, droplets can be categorized into two types: pendant and sessile. For understanding evaporation kinetics, the pendant droplet approach has been adapted since such drops resemble free-standing droplets very closely, and unlike sessile droplets, their evaporation behavior is independent of surface features [12] [13] [14] . Godsave [15] initially investigated the evaporation behavior of near-spherical droplets and reported that molecular diffusion is the major driving parameter behind the evaporation kinetics. The D 2 law was introduced as a mathematical representation to describe the temporal variation of the diameter of the evaporating droplet. This observation was later confirmed by Kuz [16] and has since been a robust yet simple mathematical description for pendant droplet evaporation kinetics.
Multicomponent systems have also been studied to understand the transport processes during evaporation or vaporization [14, 17, 18] . Among such multicomponent systems, colloidal complex fluids have received attention, since their thermophysical transport properties can lead to manipulation and altering of evaporation behavior of the fluid [9] [10] [11] . In a colloidal complex fluid, the presence of the dispersed phase can alter the interfacial properties [19, 20] , which can affect the evaporation dynamics of the droplets. The evaporation of such multicomponent droplets presents complicated physics as the species transport is function of the diffusivities, or interactions, or concentrations of constituent species. Gerken et al. [21] reported that enhancing the concentration of dispersed particles leads to reduced evaporation rates of the colloids. It was argued that the agglomeration of the nanoparticles at the liquid-vapor interface of the droplet reduces the liquid fraction available for evaporation at the interface, leading to diminished evaporation rate. Chen et al. reported that the addition of particle changes the latent heat of vaporization of the colloidal system and changes the evaporation rate [22] . Harikrishnan et al. investigated the evaporation kinetics of complex fluids containing surfactants, nanoparticles, etc. [23] . The interplay of internal advection, Marangoni effect and Brownian transport of particles were shown to be responsible for the enhancement of evaporation rates.
The transport phenomena in such complex fluid droplets can be tuned and modified as needed by the use of external stimulus, such as electromagnetic, thermal, optical or acoustic fields. Investigations by Fattah et al. have shown that complex microstructures in an elastomer matrix can be printed by controlling the motion of ferrofluid droplet [24] . Besides, a few studies have also examined the possibilities of remote actuation of ferrofluid droplets by a combination of uniform and non-uniform magnetic field strength [25, 26] . It has been shown that electromagnetic fields can induce a surface energy gradient, which can modify the interfacial 4 tension gradient on the liquid, thus enabling actuation of a droplet along surface [27] [28] [29] . Havard et al. reported the breakup of a ferrofluid pendant droplet under the influence of a horizontal magnetic field and discussed the evolution of droplet shapes due to the field effects [30] . Droplet evaporation of paramagnetic solutions under the influence of magnetic field shows that magnetosolutal advection within the droplet leads to augmented evaporation [31] .
The present article focuses on the physics of evaporation of ferrofluids in the presence of magnetic field. Pendant droplets have been considered to eliminate the role played by the wetting interactions of the droplet with the substrate and focus on the role of the magnetic field.
Experiments are performed to understand the roles played by the magnetic properties of the ferrofluid, concentration of the magnetic nanoparticles, and the magnetic field intensities in altering the evaporation kinetics. The role of the surface tension and diffusion driven evaporation behavior under field effect have been explored. Particle image velocimetry (PIV) has been done to qualitatively and quantitatively understand the nature of internal hydrodynamics within such droplets and their role in modulating the evaporation process. The internal hydrodynamics is proposed to be borne of the ferro-advection in the ferrofluid due to the magnetic field environment. An analytical scaling analysis has been proposed to determine the dominant governing parameter responsible for such changed evaporation behavior. A scaling model to predict the modified evaporation rates has also been proposed. The findings may have important implications in microhydrodynamics systems with magnetic components and actuation. of the MNPs at 300 K and discusses the magnetic properties of the particles. Anhydrous MNPs were dispersed in deionized water and were mechanically stirred for 1 hour. Next, the ferrofluids were ultra-sonicated for 2-3 h (Oscar Ultrasonics, India) to form homogeneous complex fluids.
Materials and methodologies
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No macroscale agglomeration or sedimentation was noticed in the ferrofluids for 1-2 days, which is significantly large compared to the experimental time span. The ferrofluids were also visibly stable when subjected to uniform magnetic fields up to ~ 0.24 T during the experiments.
Figure 1illustrates the experimental setup used in the present study. The pendant droplets were generated using a precision syringe pump (New Era Pump Systems Inc., USA) connected to a flexible drip tube, with a 27 gauge needle at the other end. The pendant droplet (diameter ~2.8 ± 0.2 mm) is suspended from the tip of the needle. The droplet was positioned at the center of the poles of an electromagnet (Holmarc Optomechantronics, India) which was controlled by a digitized current source (Polytronic Corporation, India). A precision gaussmeter was used to initially calibrate the magnetic field strength at the center of the poles with respect to the applied current. Three field strengths, viz. 0.08, 0.16 and 0.24T have been studied in the present case. At fields of 0.3 T or above, the pole shoes exhibit mild heating, which will modify the evaporation rates, and hence the experiments were limited to 0.24 T. 
LED array controller, (6) micro-liter syringe pump, (7) flexible tubing and needle system to generate pendant droplet, (8) gaussmeter control unit, (9) CCD camera with long distance microscope lens, (10) digital thermometer and hygrometer, (11) computer system for camera control and data acquisition. 
In eqn. 1, k is the evaporation rate constant. It can be observed from fig. 2 that the ferrofluids evaporate faster than the water droplet. With the application of the magnetic field, the increment in the evaporation rate further enhances, as a direct function of the field strength.
The variations of the evaporation rate constant (k) due to magnetic field stimulus for STs have been determined using the pendant drop shape analysis method. The STs improve by minor amounts with the addition of particles, and it is caused by the interfacial adsorptiondesorption characteristics of the nanoparticles at the bulk and interface of the droplet [11, 19] . This is in contrast to the observations of enhanced evaporation. Additionally, the external magnetic field is noted to have no significant effect on the STs. Consequently, the evaporation kinetics of the ferrofluids cannot be explained by appealing to the changes in STs. In the case of the ferrofluid droplets, (zero field), weak, albeit well-defined advection pattern is noticeable ( fig. 5 (a) ). In the presence of the magnetic field, the average velocity of advection is noted to enhance and the internal flow is well-defined and consistent with time. In the absence of field the flow is directed from the bulb of the pendent towards the neck ( fig. 5 (a)). In the field environment (in fig. 5 , the field is directed horizontally across the droplet), the direction of advection changes and flow occurs as shown in figs. 5 (b) and (c). This change in direction of advection of a conducting paramagnetic fluid is consistent with the description of Fleming's right hand rule [31, 35] . Hence it is seen that the evaporation of the ferrofluid droplet in field environment is conjugated to increase in internal advection. Similar to the discussion on the improved evaporation of colloids, the circulation promotes higher shear at the liquid-vapor interface shrouding the droplet. The shear entrains ambient air within the vapor diffusion layer, constantly replenishing it, and leading to higher evaporation rate [23, 31] . However, the genesis of this improved advection required further analysis and probing. conditions. The change in the thermal distribution illustrates that in addition to augmented evaporation kinetics, the ferrofluid droplets within magnetic field environment also exhibit differences in the thermal advection patterns within the droplet. Hence, analysis of the magnetothermal advection within the droplet is essential to probe deeper.
3.D. Role of magneto-thermal ferro-advection
The internal hydrodynamics in the droplet may be generated by two possible factors in the present case, viz. thermal and solutal gradients within the droplet and along the droplet interface.
The shape of the pendant drop is known to induce non-uniform evaporation rates along the droplet surface [23, [35] [36] [37] , thereby leading to thermal gradients and thereby thermal Marangoni advection. Additionally, the evaporation induced cooling of the droplet leads to thermal gradients across the droplet, leading to internal thermal advection. The thermal advection and its behavior 
Introducing the thermal Marangoni number 
where Pr is the Prandtl number. For stable internal circulation Ma T~8 0, and thus 1+ Ma T ~Ma T . Therefore, the eqn. 6 is modified as 
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The Rayleigh number and the temperature difference driving the buoyant advection are expressed as
In eqns. 8-10, g, β, and Δ r represent the acceleration due to gravity, coefficient of thermal expansion of the fluid, and the temperature difference within the droplet driving the Rayleigh advection [23] .
Since both Ma T and Ra based advection is possible within the droplet, the dominant mode Ha, the points shift towards the stable advection regime. This signifies that the strength of thermal-ferro-advection enhances with the magnetic field parameters. However, it cannot be inferred at this moment if the magneto-thermal behavior is the main governing mechanism behind the ferro-advection.
3.E. Role of magneto-solutal ferro-advection within the droplet
During the evaporation, only the water vaporizes and with time, the particle concentration of the ferrofluid enhances. As the presence of nanoparticles improves the surface tension of the fluid, it signifies that the particles preferentially desorb away from the interface compared to the bulk [19] . Thereby a ferrofluid droplet exhibits an innate particle concentration gradient between the bulk and the interface, which drives the solutal advection. Further, the non-uniform evaporation from the prolate shape leads to concentration gradient at the interface itself, leading to solutal The expression for circulation velocity due to the solutal gradient is expressed as [31] The predictability of the scaled velocity is good for all magnetic fields. However, at 0.24 T, reduction in the predicted velocity value is noted. At 0.24 T the magneto-thermal component is also fairly strong ( fig. 7 a) and it is plausible that only considering the magneto-solutal advection velocity leads to certain errors in the prediction at high field strengths. The overall predictability of the model shows that the proposed scaling analysis is valid and may be used to predict droplet evaporation kinetics.
To predict the evaporation rates of the ferrofluid droplets, a scaling model considering the Stefan flow [42] between the vapor diffusion layer shrouding the droplet and the ambient has 
where ξ is the ratio of the evaporation rates (k/k p ). The µ, u c and t represent the viscosity, circulation velocity and droplet life times of the respective fluids. Fig. 11 (b) illustrates the comparison of the model predictions against the experimental observations. Agreement between the experiment and scaling model predictions further illustrates that the role of internal ferrohydrodynamics and its influence on the external vapor layer is the underlying mechanism behind the observations.
Before probing into the improved evaporation rate due to the magnetic field, insight on the improved evaporation of the ferrofluids (at zero field) compared to water is essential.
Evaporation kinetics of the colloidal ferrofluid is governed by many factors apart from the typical diffusion driven evaporation [23] in case of pure fluid droplets. Recent studies have reported the presence of soluto-thermal Marangoni advection cells inside evaporating pendant droplets of colloids [23] . The evaporating colloid droplets exhibit internal advection currents, which may also possess certain temporal periodicity. The ferrofluid droplets are not an exception to this, as evident from the flow visualization study, which shall be discussed subsequently.
Some recent studies have explored the physics behind such advection in saline fluids [31, 35, 37] and the present observations can also be explained on similar grounds. The internal hydrodynamics shears the droplet-vapor interface, leading to entrainment of the ambient air, which replenishes the species boundary layer at the droplet-vapor interface. This replenishment leads to enhanced evaporation following the diffusion kinetics model.
However, the strength of advection in colloid droplets is not significantly high (at zero field) in order to improve the evaporation as noted in fig. 2 . The role of the particle transport within the droplet also requires analysis. In a colloid droplet, the population of the particles at the air-water interface and that at the bulk is governed by the adsorption-desorption kinetics of the particles with respect to the base fluid [10, 19] . The Peclet number (Pe) is a measure of relative importance of convective transport to diffusive transport. Therefore, at low Pe, diffusion driven transport dominates and particle motion within the droplet is strongly controlled by the concentration gradient of the particulate phase. 
The D 0 is the Einstein-Brownian diffusivity, expressed as 0
, where k B is the Boltzmann constant, T* is a characteristic temperature (taken to be the saturation temperature T sat ), and a represents the particle radius. Initially, as the particle concentration is increased, the diffusivity decreases due to interparticle hindrance effects (such as steric, electrostatic, magnetic (in the present case), etc.). However, the diffusivity increases with further increase of concentration, and ultimately diverges at a maximum concentration, Φ m . The diffusive particle transport, governed by the Pe, plays important role in determining the particle dynamics and migration to and from the droplet-air interface during evaporation [44] . The particles residing predominantly at the air-liquid interface tend to form a thin film or skin as the liquid molecules leave the interface due to evaporation. With time, as the concentration of the particles increase within the droplet, the propensity of formation of the skin enhances. This behavior is typically notable in case of sessile droplets on superhydrophobic surfaces, where buckling instability of the film confirms the formation and existence of such a film [45, 46] . Additionally, the hydrophilicity of the particles, the nature of interaction between particle and fluid, presence of surface active agents also influence the interfacial adsorption-desorption mechanism and can affect the skin formation [19] .
The particle film-front at the interface is theorized to lead to the colloidal evaporation phenomena. The particle skin layer developed at the interface enhances evaporation by localized transpiration at the liquid-air interface of the droplet, by the action of the porous capillary wicking through the particle layers. The numerous available sites between the particle and the 26 fluid medium draws more liquid front to the interface through nanoscale wicking or capillarity [47, 48] and this transpiration enhance the overall rate of evaporation [49] . In addition, the ferrofluid droplet shows mild internal advection (discussed subsequently), and thereby the diffusivity of the particles is spatio-temporally variant. In case of non-constant diffusivity, the particle layering at the interface is a direct function of the particle concentration only [44] , which explains the improved evaporation rate of the ferrofluid (zero-field) with increasing particle concentration.
The interfacial layering and particle skin formation at the droplet-air interface in the presence of internal advection currents may augment the transport phenomena. The advection currents reduce the thickness of the interfacial layering, and the mixing effect within the droplet aids the localized nanoscale capillary wicking behavior. This can further enhance the evaporation rate in conjunction to the interfacial shear induced replenishment of the diffusion layer (as discussed earlier). Also, the inclusion of nanoparticles reduces the effective heat of vaporization of a colloid as [50]   (18) In eqn. 18, 'nf' represents the ferrofluid, 's' for the nanoparticles and no subscripts represents the basefluid. T bf is the boiling point of the basefluid and Φ is the concentration of the ferrofluid. Based on literature report [51] , the enthalpy of vaporization can be expressed as
The parameter (  
is an empirical constant depending on the surface tension, density, and molecular weight of the fluid. The studies show that with ~ 2% volume fraction of the particles, the heat of vaporization of the colloids can be changed by ~ 30%.
The vapor mass fraction (Y) shrouding the droplet is directly proportional to the mole fraction (x), which is directly related to the vapor pressure at the droplet-air interface. This is correlated from the Clausius-Clapeyron equation as The improved evaporation of the ferrofluids is thus due to conglomeration of the particle film formation and change in the heat of vaporization due to presence of the particles. The evaporation rate increases with increasing concentration of particles and saturates at higher concentrations ( fig. 2(b) and (d), 3(b) and 4 (b)). At higher concentrations, the viscosity of the ferrofluid enhances and it opposes the evaporation improving factors, such as particle skin formation, and internal advection.
Conclusions
The present article discusses the physics and mechanics of evaporation of pendent, aqueous ferrofluid droplets and modulation of the same by external magnetic field. The study uses detailed experiments to investigate the evaporation dynamics of pendent droplets of stable aqueous ferrofluids, and the modulation in dynamics due to the presence of external magnetic field. Optical imaging, infrared imaging, particle image velocimetry and interfacial property measurements are done in details to shed insight on the physics of the problem. The major conclusions from the study are as follows:
 Aqueous ferrofluid droplets evaporate at faster rates than water droplets. The improved evaporation behavior of such colloidal droplets has been explained based on the modulated heat of vaporization due to the nanoparticles, and the formation of thin particle shell structure which promotes faster evaporation by capillary action.
 In the presence of magnetic field, the evaporation rate of the ferrofluid droplets enhance further and this depends on the magnetic field strength, concentration of the magnetic nanoparticles, magnetic moment of the nanoparticles, etc.
 Changes in the surface tension, and classical diffusion driven evaporation models are insufficient towards explaining the improved evaporation. Internal probing using particle image velocimetry reveals changed internal advection dynamics within the droplet due to the field. Infrared imaging shows changed thermal states within the droplet due to evaporation in presence of field. Mapping the dynamic surface tension reveals that solutal advection is also present within the ferrofluid droplet.
 Two major advection modes, viz. the magneto-thermal and the magneto-solutal advection kinetics are deemed responsible towards the internal hydrodynamics. A scaling analysis is proposed and the magneto-solutal advection is noted to be the more dominant mechanism.
The internal advection velocities are also predicted accurately from the analysis.
 It is shown that the modulation of the associated Stefan flow by the interfacial shear (caused by the internal advection) is responsible for the enhanced evaporation. A scaling model proposed along the same lines is able to predict the enhanced evaporation rates accurately.
The present findings may be of importance and have strong implications towards understanding transport phenomena in microhydrodynamics systems employing magnetic fluids.
